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What isacdl?

Cellsarethe basic building blocks of al living things. The human body is composed
of trillions of cells. They provide structure for the body, take in nutrients from food,
convert those nutrients into energy, and carry out specialized functions. Cells also
contain the body’ s hereditary material and can make copies of themselves.

Cells have many parts, each with a different function. Some of these parts, called
organelles, are specialized structuresthat perform certain tasks within the cell. Human
cells contain the following major parts, listed in alphabetical order:

Cytoplasm (illustration on page 4)
The cytoplasm isfluid inside the cell that surrounds the organelles.
Endoplasmic reticulum (ER) (illustration on page 5)

This organelle helps process molecules created by the cell and transport them
to their specific destinations either inside or outside the cell.

Golgi apparatus (illustration on page 5)

The golgi apparatus packages molecul es processed by the endoplasmic reticulum
to be transported out of the cell.

L ysosomes and per oxisomes (illustration on page 5)

These organellesaretherecycling center of the cell. They digest foreign bacteria
that invade the cell, rid the cell of toxic substances, and recycle worn-out cell
components.

Mitochondria (illustration on page 6)

Mitochondriaare complex organellesthat convert energy from food into aform
that the cell can use. They have their own genetic material, separate from the
DNA in the nucleus, and can make copies of themselves.

Nucleus (illustration on page 6)

The nucleus serves as the cell’ s command center, sending directions to the cell
to grow, mature, divide, or die. It also houses DNA (deoxyribonucleic acid),
the cell’ shereditary material. The nucleusis surrounded by amembrane called
the nuclear envelope, which protects the DNA and separates the nucleus from
the rest of the cell.
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Plasma membrane (illustration on page 6)

The plasma membrane is the outer lining of the cell. It separates the cell from
its environment and allows materials to enter and leave the cell.

Ribosomes (illustration on page 7)

Ribosomes are organelles that process the cell’ s genetic instructions to create
proteins. These organelles can float freely in the cytoplasm or be connected to
the endoplasmic reticulum (see above).

For moreinformation about cells:

The NCBI Science Primer (http://www.nchi.nlm.nih.gov/About/primer/genetics
cell.html) offers additional information about the structure and function of cellsunder
the headings “What isa Cell”?’ and “Cell Structures. The Basics.”

[llustrations: Major parts of a cell
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Cytoplasm il
5. Mational Library of Medicine

The cytoplasm surrounds the cell's nucleus and organelles.
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Endoplasmic reticulum (ER)

U5, Mational Library of Medicine

The endoplasmic reticulum isinvolved in molecule processing and transport.

Golgi apparatus
U5, Mational Library of Medicine

The Golgi apparatusisinvolved in packaging mol chI&sfor export from the cell.

Lysosomes and peroxisomes
5. Mational Library of hMedicine

Lysosomes and peroxisomes destroy toxic substances and recycle worn-out cell parts.
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Mitochondria
U5, Mational Library of Medicine

Mitochondria provide the cell's energy.
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The nucleus contains most of the cell's genetic material.
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Plasma membrane

5. Mational Library of Medicine

The plasma membrane is the outer covering around the cell.
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Ribosomes

U5, Mational Library of Medicine

Ribosomes use the cell's genetic instructions to make proteins.
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What is DNA?

DNA, or deoxyribonucleic acid, is the hereditary material in humans and amost all
other organisms. Nearly every cell in aperson’sbody hasthe same DNA. Most DNA
Islocated in the cell nucleus (whereit is called nuclear DNA), but a small amount
of DNA can also befound inthe mitochondria(whereitiscalled mitochondrial DNA
or mtDNA).

Theinformationin DNA isstored as acode made up of four chemical bases: adenine
(A), guanine (G), cytosine (C), and thymine (T). Human DNA consists of about 3
billion bases, and more than 99 percent of those bases arethe samein all people. The
order, or sequence, of these bases determines the information available for building
and maintaining an organism, similar to the way in which letters of the al phabet
appear in a certain order to form words and sentences.

DNA bases pair up with each other, A with T and C with G, to form units called base
pairs. Each baseis also attached to a sugar molecule and a phosphate molecule.
Together, abase, sugar, and phosphate are called a nucleotide. Nucleotides are
arranged in two long strands that form a spiral called adouble helix. The structure
of the double helix issomewhat like aladder, with the base pairsforming theladder’ s
rungs and the sugar and phosphate molecules forming the vertical sidepieces of the
ladder.

An important property of DNA isthat it can replicate, or make copies of itself. Each
strand of DNA in the double helix can serve as a pattern for duplicating the sequence
of bases. Thisis critical when cells divide because each new cell needsto have an
exact copy of the DNA present in the old cell.
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.5, Mational Librany of Medicine
DNA isadouble helix formed by base pairs attached to a sugar-phosphate backbone.

For moreinformation about DNA:

For additional information about the structure of DNA, please refer to the NCBI
Science Primer (http://www.ncbi.nih.gov/About/primer/genetics_genome.html),
under the heading “ The Physical Structure of the Human Genome.”
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What is a gene?

A geneisthe basic physical and functional unit of heredity. Genes, which are made
up of DNA, act as instructions to make molecules called proteins. In humans, genes
vary insizefrom afew hundred DNA basesto morethan 2 million bases. The Human
Genome Project has estimated that humans have between 30,000 and 40,000 genes.

Every person has two copies of each gene, one inherited from each parent. Most
genes are the samein all people, but a small number of genes (less than 1 percent of
thetotal) are dightly different between people. Alleles are forms of the same gene
with small differencesin their sequence of DNA bases. These small differences
contribute to each person’s unique physical features.

F k|
[
1 V Chromosome
< T
Sy {',a"wi'fx:f ?"gww MJ\X/W?W
e 24
| Gene

LS. Mational Librany of Medicine
Genes are made up of DNA. Each chromosome contains many genes.

For moreinformation about genes:

Genetics Home Reference provides consumer-friendly gene summaries
(http://ghr.nlm.nih.gov/ghr/genesBy Symbol) that include an explanation of each
gene's normal function and how mutations in the gene cause particular genetic
conditions.

The National Institute of General Medical Sciences offers additional information
about DNA and genesin its publication Genetic Basics (http://www.nigms.nih.gov/
news/science_ed/geneticsy). Pleaserefer to the publication'sintroduction, “ A Science
Called Genetics.”

For more information about genes, please also refer to “What is a Genome?’ in the
NCBI Science Primer (http://www.ncbi.nlm.nih.gov/About/primer/genetics
genome.html).
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What is a chromosome?

In the nucleus of each cell, the DNA moleculeis packaged into thread-like structures
called chromosomes. Each chromosome is made up of DNA tightly coiled many
times around proteins called histones that support its structure.

Chromosomes are not visible in the cell’ s nucleus—not even under a
microscope—when the cell is not dividing. However, the DNA that makes up
chromosomes becomes more tightly packed during cell division and is then visible
under amicroscope. Most of what researchers know about chromosomeswas|earned
by observing chromosomes during cell division.

Each chromosome has a constriction point called the centromere, which divides the
chromosomeinto two sections, or “arms.” The short arm of the chromosomeislabeled
the “p arm.” Thelong arm of the chromosome is labeled the “q arm.” The location
of the centromere on each chromosome givesthe chromosome its characteristic shape,
and can be used to help describe the location of specific genes.

p arm
Centromere
g arm

gé -

Chromos

.5, Mational Librany of Medicine

DNA and histone proteins are packaged into structures called chromosomes.
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For moreinformation about chromosomes;

Genetics Home Reference provides information about each human chromosome
(http://ghr.nlm.nih.gov/ghr/chromosomes) written in lay language.

The NCBI Science Primer (http://www.ncbi.nlm.nih.gov/About/primer/genetics
genome.html) includes a discussion of the DNA that makes up chromosomes under
the heading “ Structural Genes, Junk DNA and Regulatory Sequences.”

The U.S. Department of Energy Office of Science offersalist of Chromosome FAQs
(http://mww.ornl.gov/sci/techresources/Human_Genome/posters/chromosome/
fags.shtml).
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How many chromosomes do people have?

In humans, each cell normally contains 23 pairs of chromosomes, for atotal of 46.
Twenty-two of these pairs, called autosomes, |ook the samein both malesand females.
The 23rd pair, the sex chromosomes, differ between males and females. Females
have two copies of the X chromosome, while males have one X and one Y

AU
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autosomes sex chromosomes

The 22 autosomes are numbered by size. The other two chromosomes, X and Y, are
the sex chromosomes.

For moreinformation about the 23 pairs of human chromosomes:

Genetics Home Reference provides information about each human chromosome
(http://ghr.nlm.nih.gov/ghr/chromosomes) written in lay language.
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How do geneticists indicate the location of a gene?

Geneticists use a standardized way of describing the location of a particular gene on
achromosome. A gene'slocation is often written as a position:

17q12

It can also be written as arange, if lessis known about the exact location:

17q12-q21

These combinations of numbers and letters provide a gene's “address’ on a
chromosome. The address is made up of severa parts:

The chromosome on which the gene can be found. The first number or
letter used to describe a gene's location represents the chromosome.
Chromosomes 1 through 22 (the autosomes) are designated by their
chromosome number. The sex chromosomes are designated by X or Y.

Thearm of the chromosome. Each chromosomeisdivided into two sections,
or arms, based on the location of a narrowing (constriction) called the
centromere. By convention, the shorter armis called p, and the longer arm
is called g. The chromosome arm is the second part of the gene's address.
For example, 5q isthelong arm of chromosome 5, and Xp isthe short arm
of the X chromosome.

The position of the gene on the p or g arm. The position of ageneis based
on a standard pattern of light and dark bands that appear when the
chromosomeis stained in acertain way. The position isusually designated
by two digits (representing a region and a band), which are sometimes
followed by adecimal point and one or more additional digits (representing
sub-bandswithin alight or dark area). The number indicating gene position
increases with distance from the centromere. For example: 14921 represents
the long arm of chromosome 14 at position 21. 14921 is closer to the
centromere than 14922.

Sometimes, the abbreviations* cen” or “ter” are aso used to describe agene'slocation.
“Cen” indicates that the gene is very close to the centromere. For example, 16pcen
refers to the short arm of chromosome 16 near the centromere. “Ter” stands for
terminus, which indicates that the geneis very close to the end of the p or g arm. For
example, 14qter refersto tip of the long arm of chromosome 14. (“Tel” isaso
sometimes used to describe agene'slocation. “Tel” stands for telomeres, which are
at the ends of each chromosome. The abbreviations “tel” and “ter” refer to the same

location.)
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Chromosomal location of a gene
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U5, Hational Librany of Medicine

The CFTR geneislocated on the long arm of chromosome 7 at position 7g31.2.
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What are proteins and what do they do?

Proteinsarelarge, complex moleculesthat play many critical rolesin the body. They
do most of thework in cellsand are required for the structure, function, and regul ation
of the body’ stissues and organs.

Proteins are made up of hundreds or thousands of smaller units called amino acids,
which are attached to one another in long chains. There are 20 different types of

amino acids that can be combined to make a protein. The sequence of amino acids
determines each protein’s unique 3-dimensional structure and its specific function.

Proteins can be described according to their large range of functionsin the body,
listed in alphabetical order:

Function Description Examples

Antibody Antibodies bind to specific foreign particles, Immunoglobulin G
such as viruses and bacteria, to help protect  (1gG)
the body. (illustration on page 17)

Enzyme Enzymes carry out almost al of thethousands Phenylalanine
of chemical reactions that take placein cells. hydroxylase
They also assist with the formation of new  (illusiration on page 18)
molecules by reading the genetic information
stored in DNA.

Messenger Messenger proteins, such assometypesof  Growth hormone
hormones, transmit signals to coordinate (illustration on page 19)
biological processes between different cells,
tissues, and organs.

Structural These proteins provide structure and support  Actin

component for cells. On alarger scale, they also allow the (illustration on page 20)
body to move.

Transport/storage  These proteinsbind and carry atomsand small Ferritin

molecule molecules within cells and throughout the (illustration on page 21)

body.

For moreinformation about proteinsand their functions:

Information about proteins and what they do is available from the National Institute
of General Medical Sciences publication Genetic Basics (http://www.nigms.nih.gov/
news/science_ed/genetics). Refer to the section “From Genesto Proteins’ in Chapter
1 (How Genes Work).
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Additional discussion of therole of proteins can be found in the NCBI Science Primer
(http://www.nchi.nlm.nih.gov/About/primer/genetics_genome.html) under the heading
“Proteins.”

[llustrations: Proteins

Immunoglobulin G (lgG)

Foreign particle
binding site

Foreign particle
binding site

.5, Matianal Librany of Medicine

Immunoglobulin G isatype of antibody that circulates in the blood and recognizes
foreign particles that might be harmful.
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Phenylalanine hydroxylase

Single phenylalanine
hydroxylase subunit

Phenylalanine hydroxylase
protein consisting of 4 subunits

.5, Matianal Librany of Medicine

The functional phenylaanine hydroxylase enzyme is made up of four identical
subunits. The enzyme converts the amino acid phenylalanine to another amino acid,
tyrosine.
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Growth hormone

Growth hormone

Growth hormone bound
to receptor

.5, Matianal Librany of Medicine

Growth hormone isamessenger protein made by the pituitary gland. It regul ates cell
growth by binding to a protein called a growth hormone receptor.
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Actin

Single actin subunit

Actin filament consisting
of multiple subunits

.5, Matianal Librany of Medicine

Actin filaments, which are structural proteins made up of multiple subunits, help
muscles contract and cells maintain their shape.
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Ferritin

Single ferritin subunit

Ferritin protein consisting
of 24 subunits

Cross section

.5, Matianal Librany of Medicine

Ferritin, a protein made up of 24 identical subunits, isinvolved iniron storage.
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How does a gene make a protein?

Most genes contain the information needed to make functional molecules called
proteins. (A few genes produce other moleculesthat help the cell assemble proteins.)
Thejourney from gene to protein is complex and tightly controlled within each cell.
It consists of two major steps: transcription and trandlation. Together, transcription
and trandation are known as gene expression.

During the process of transcription, the information stored in agene's DNA is
transferred to a similar molecule called RNA (ribonucleic acid) in the cell nucleus.
Both RNA and DNA are made up of achain of nucleotide bases, but they have dightly
different chemical properties. The type of RNA that contains the information for
making aproteiniscalled messenger RNA (MRNA) becauseit carriestheinformation,
or message, from the DNA out of the nucleus into the cytoplasm.

Tranglation, the second step in getting from a gene to a protein, takes place in the
cytoplasm. The mRNA interactswith a specialized complex called aribosome, which
"reads’ the sequence of MRNA bases. Each sequence of three bases, called a codon,
usually codes for one particular amino acid. (Amino acids are the building blocks of
proteins.) A type of RNA called transfer RNA (tRNA) assembles the protein, one
amino acid at atime. Protein assembly continues until the ribosome encounters a
“stop” codon (a sequence of three bases that does not code for an amino acid).

The flow of information from DNA to RNA to proteinsis one of the fundamental
principles of molecular biology. It is so important that it is sometimes called the
“central dogma.”
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Through the processes of transcription and trandlation, information from genesis
used to make proteins.
For moreinformation about making proteins:

For amore detailed description of transcription and tranglation, please refer to the
section “From Genes to Proteins. Start to Finish” in the NCBI Science Primer
(http://www.ncbi.nlm.nih.gov/About/primer/genetics_genome.html).
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Can genes be turned on and off in cells?

Y es, each cell expresses, or turnson, only afraction of itsgenes. Therest of the genes
arerepressed, or turned off. The process of turning geneson and off isknown as gene
regulation. Gene regulation makes abrain cell look and act different from aliver cell
or amusclecell. It also allows cellsto react quickly to changesin their environments
andisanimportant part of normal development. Although we know that the regulation
of genesiscritical for life, this complex processis not yet fully understood.

Gene regulation can occur at any point during gene expression, but most commonly
occurs at the level of transcription (when the information in agene'sDNA is
transferred to mRNA). Signals from the environment or from other cells activate
proteins called transcription factors. These proteins bind to regulatory regions of a
gene and increase or decrease the level of transcription. By controlling the level of
transcription, this process can determine the amount of protein product that is made
by agene at any given time.

For moreinformation about generegulation:

More information about gene regulation can be found in the NCBI Science Primer
(http://www.nchi.nlm.nih.gov/About/primer/genetics_genome.html). Please refer to
the sections “ Gene Switching: Turning Genes On and Off,” “Controlling
Transcription,” and “ Controlling Tranglation.”

The National Institute of General Medical Science publication Genetic Basics
(http://www.nigms.nih.gov/news/science_ed/genetics/) also offers a discussion of
gene regulation. Refer to the section “Controlling Genes’ in Chapter 1 (How Genes
Work).
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How do cdls divide?

There are two types of cell division: mitosis and meiosis. Most of the time when
people refer to “cell division,” they mean mitosis, the process of making new body
cells. Meiosisisthe type of cell division that creates egg and sperm cells.

Mitosisis afundamental processfor life. During mitosis, a cell duplicates all of its
contents, including its chromosomes, and splits to form two identical daughter cells.
Because this processis so critical, the steps of mitosis are carefully controlled by a
number of genes. When mitosisis not regulated correctly, health problems such as
cancer can resullt.

The other type of cell division, meiosis, ensures that humans have the same number
of chromosomes in each generation. It is atwo-step process that reduces the
chromosome number by half—from 46 to 23—to form sperm and egg cells. When
the sperm and egg cells unite at conception, each contributes 23 chromosomes so the
resulting embryo will have the usual 46. Melosisalso allows genetic variation through
aprocess of DNA shuffling while the cells are dividing.

Mitosis /_,__\Farent cell Meiosis /'\ Farent cell
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Mitosis and meiosis, the two types of cell division.
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For moreinformation about cell division:

For a detailed summary of mitosis and meiosis, please refer to the section “Making
New Cdlsand Cell Types’ inthe NCBI Science Primer (http://www.ncbi.nim.nih.gov/
About/primer/genetics_cell.html).
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How do genes control the growth and division of cells?

A variety of genes areinvolved in the control of cell growth and division. The cell
cycleisthecell’ sway of replicating itself in an organized, step-by-step fashion. Tight
regulation of this process ensuresthat adividing cell’s DNA is copied properly, any
errorsin the DNA are repaired, and each daughter cell receives afull set of
chromosomes. The cycle has checkpoints (al so called restriction points), which allow
certain genes to check for mistakes and halt the cycle for repairs if something goes
wrong.

If acell hasan error inits DNA that cannot be repaired, it may undergo programmed
cell death (apoptosis) (illustration on page 28). Apoptosis is a common process
throughout life that helps the body get rid of cellsit doesn’'t need. Cellsthat undergo
apoptosis break apart and are recycled by atype of white blood cell called a
macrophage (illustration on page 28). Apoptosis protects the body by removing
genetically damaged cellsthat could lead to cancer, and it plays an important rolein
the development of the embryo and the maintenance of adult tissues.

Cancer resultsfrom adisruption of the normal regulation of the cell cycle. When the
cycle proceeds without control, cells can divide without order and accumulate genetic
defects that can lead to a cancerous tumor (illustration on page 29).

For moreinformation about cell growth and division:
The National Institutes of Health's Apoptosis Interest Group (http://www.nih.gov/
sigs/aig/Aboutapo.html) provides an introduction to programmed cell death.

The National Cancer Institute offers several publications that explain the growth of
cancerous tumors. These include What Y ou Need To Know About Cancer—An
Overview (http://www.cancer.gov/cancerinfo/wyntk/overview) and Understanding
Cancer (http://press2.nci.nih.gov/sciencebehind/cancer/cancer0l1.htm).
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[llustrations: Control of cell growth and division

Apoptosis

Healthy cell

Genetic arrors
result from injury

All errors
o repair repaired
arrors
Soma arrors
remain
Additional
injury to cell

Cell unable to
repair errors

+]
. o Cell programs
= O itself to die via

b -%" 5 o apoptosis

A damaged cell may undergo apoptosisif it is unable to repair genetic errors.

Final stage of apoptosis White blood cell

Apoptotic cell

.5, Mational Library of Medicine

When a cell undergoes apoptosis, white blood cells called macrophages consume
cell debris.
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Genetic mutation and cancer development

Healthy cell

Injury to cell

Genetic errors
accumulate

Unhealthy cells rapidly
multiply and become
disorganized cancer cells

.5, Mational Librany of Medicine

Cancer results when cells accumulate genetic errors and multiply without control.
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